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Abstract. Estimates of volatile organic compound (VOC)
emissions from forests are based on the assumption that fo-
liage has a steady emission potential over its lifetime, and
that emissions are mainly modiﬁed by short-term variations
in light and temperature. However, in many ﬁeld studies
this has been challenged, and high emissions and atmo-
spheric concentrations have been measured during periods
of low biological activity, such as in springtime. We con-
ducted measurements during three years, using an online
gas-exchange monitoring system to observe volatile organic
emissions from a mature (1year-old) and a growing Scots
pine shoot. The emission rates of organic vapors from veg-
etative buds of Scots pine during the dehardening and rapid
shoot growth stages were one to two orders of magnitude
higher than those from mature foliage; this difference de-
creased and ﬁnally disappeared when the new shoot was ma-
turing in late summer. On average, the springtime monoter-
pene emission rate of the bud was about 500 times higher
than that of the mature needles; during the most intensive
needle elongation period, the monoterpene emission rate of
the growing needles was 3.5 higher than that of the mature
needles, and in September the monoterpene emission rate of
the same years’ needles was even lower (50%) than that of
the previous years’ needles. For other measured compounds
(methanol,acetoneandmethylbutenol)thevalueswereofthe
same order of magnitude, except before bud break in spring,
when the emission rates of buds for those compounds were
on average about 20–30 times higher than that of mature nee-
dles. During spring and early summer the buds and growing
shoots are a strong source of several VOCs, and if they are
not accounted for in emission modeling a signiﬁcant propor-
tion of the emissions – from a few percent to even half of the
annual cumulative emissions – will remain concealed. The
diurnal emission pattern of growing shoots differed from the
diurnal cycle in temperature as well as from the diurnal emis-
sion pattern of mature shoots, which may be related to pro-
cesses involved in shoot or needle elongation. Our ﬁndings
imply that global estimations of monoterpene emission rates
from forests are in need of revision, and that the physiolog-
ical state of the plants should be taken into account when
emissions of the reactive gases such as monoterpenes are es-
timated.
1 Introduction
The current understanding of the role of biogenic feedback to
atmospheric reactivity involves large uncertainties. The mea-
sured atmospheric concentrations of many reactive gases, for
example terpenoids (mainly isoprene, mono- and sesquiter-
penes), exhibit huge spatial and temporal variations due to
factors related to large variation in emission rates and emis-
sion composition between or intra-species (Kesselmeier and
Staudt 1999; Bäck et al., 2012), to light, temperature and
ozone-concentration-related variations in incident emission
rates (Guenther et al., 1993; Komenda and Koppman, 2002;
Tarvainen et al., 2005; Bourtsoukidis et al., 2012) as well
as to transport and chemical reactions in the air (Rinne et
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al., 2007). Longer-term variations, due to for example leaf-
ing and senescence of foliage, have also been recognized as
affecting the emission rates (Karl et al., 2003, Hakola et al.,
2006; Geron and Arnts, 2010), the maximum rates being ob-
served in the midsummer when leaves are fully mature.
The current models for global terpenoid emission rates
mainly use emission potentials deﬁned for mature foliage un-
der standard (constant) conditions (upscaled with biomass
estimates for speciﬁc plant functional types) and their re-
gional distribution, modiﬁed by the prevailing irradiation and
temperature (“Guenther approach”, Guenther et al., 2006,
2012). However, these semi-empirical algorithms do not ac-
count for many inherent plant physiological processes that
may produce large seasonal variations in the synthesis and
emission rates of terpenoids, thus the different model esti-
mates have large uncertainties in total emission rates (Ar-
neth et al., 2008; Niinemets et al., 2010). The few models
empirically replicating the seasonal phenomena still assume
no dependence of emission potential on the leaf develop-
mental stage in evergreen plants (Staudt et al., 2000), or use
an arbitrarily deﬁned scaling factor for modifying the emis-
sion rate according to leaf age (Guenther et al., 2012). Fur-
ther, these models concentrate mainly on isoprene, whereas
model development describing the emissions of monoter-
penes or oxygen-containing compounds (methanol, acetone)
has been less successful (Arneth et al., 2008; Galbally and
Kirstine, 2002), although in evergreen vegetation, especially,
these compounds may form up to 90% of emissions (Rinne
et al., 2009). The seasonality has to some extent been im-
plemented in process-based models describing the enzyme
activity changes over seasons, such as in SIM-BIM (Grote
et al., 2006; see also discussion in Grote and Niinemets,
2008; Niinemets et al., 2010; and Monson et al., 2012). How-
ever, the phenology-submodel in SIM-BIM suggests that the
monoterpene emission onset happens only a few weeks after
leaf emergence, and that the maximum emission rates take
place in fully grown, current year leaves (Fischbach et al.,
2002). Thus, the processes during leaf development and ex-
pansion are not taken into account in these models.
In all ecosystems, the annual cycle of perennial vegeta-
tion includes both active and inactive periods, which involve
profound modiﬁcations in processes at molecular-, cellular-
and organ-scale. In boreal evergreens the increased freez-
ing tolerance – a prerequisite for sustained foliage retention
– is provided by hardening in the fall. Hardening leads to
an inactive rest period (dormancy) in both mature foliage
and in newly formed buds housing the next year’s annual
growth. The driving factor for dormancy release and subse-
quent metabolic activation in both mature tissues and devel-
oping buds is temperature change (Rohde and Balerao, 2007;
Hänninen et al., 2007). The recovery from dormancy, re-
activation of metabolism and onset of growth in spring takes
place in two phases: the release of true dormancy leads ﬁrst
to a quiescent phase lacking any visible signs of growth, and
only when dormancy is fully released can the new growth
start. In the quiescent phase, environmental cues activate the
expression of genes, encoding enzymatic pathways to syn-
thesize new macromolecules for growth (Heide, 1993; Ro-
hde and Balerao, 2007; Sutinen et al., 2009). During the ac-
tive period, biomass growth takes place by formation of new
tissues in meristems, involving the formation, differentiation
and expansion of new cells, tissues and organs. Such phe-
nological events require environmental cues, which activate
the enzymatic pathways leading to synthesis of new macro-
molecules for growth (for example lignin and pectin for cell
walls, carotenoids and chlorophyll for thylakoids, and lipids
and proteins for cell membranes). Despite their great signif-
icance for vegetation, these strong turning points of the key
metabolic processes have not been implemented in emission
estimates so far.
We were motivated by the knowledge that atmospheric
aerosol formation and growth are closely linked to concen-
trations of their organic precursors (e.g., terpenoids), orig-
inating from biosphere processes (Kulmala et al., 2013). It
is well documented that in a wide variety of environments,
the aerosol formation events are peaking in springtime (Dal
Maso et al., 2005; Manninen et al., 2010), but the reasons
for this are still unclear. We hypothesized that we would ob-
serve high VOC emission rates from Scots pine branches in
spring, and that the high spring emissions would be related
to dormancy release and growth initiation in vegetative buds.
To study this, we set up to measure the seasonal and diurnal
patterns in emissions in both mature and growing foliage of
Scots pine trees in ﬁeld conditions, using an automated en-
closure system with sufﬁcient time resolution.
2 Material and methods
2.1 Smear II measurement station
The measurements were conducted at the SMEAR II mea-
surement station (Station for Measuring Forest Ecosystem –
Atmosphere Relations) in Hyytiälä, southern Finland (61◦ N,
24◦ E; 180ma.s.l). The forest at the station is dominated by
Scots pine (Pinus sylvestris L.), and represents a managed
boreal coniferous forest site with closed canopy. The stand
was established after prescribed burning was conducted in
1962. Currently the canopy reaches a height of ca. 17m, with
crown base height at ca. 10m. and one-sided leaf area index
(LAI) of 2–2.5m2 m−2. With a scaffolding tower we have
access to the top of the canopy, where the enclosure mea-
surements are located in the top whorls. More details about
the site are given in Hari and Kulmala (2005).
2.2 Emission measurements
The gas exchange of shoots was measured with an automated
gas-exchange system, consisting of two cylindrical shoot en-
closures, Fig. 1), sampling tubing, as well as analyzers for
CO2, H2O and VOCs (volatile organic compounds) (Altimir
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Fig. 1. Emission measurements with dynamic shoot enclosures. (a)
The enclosure with a developing Scots pine shoot at the end of May,
when the intensive needle elongation period begins. (b) The enclo-
sure with a mature Scots pine shoot.
et al., 2002). The enclosures are made of acrylic plastic
and their inner surfaces are coated with ﬂuorinated ethylene
propylene (FEP) ﬁlm. The enclosures remained open most
of the time and closed intermittently for measurements, typi-
cally four successive 3min periods in 3-hour intervals. While
open, the interior was in contact with ambient unﬁltered air.
During a closure, an air sample (1dm3 min−1) was drawn
from the enclosure to the gas analyzers along the sample
lines. Ambient air was allowed to enter the enclosure through
small holes in the chamber walls to compensate for the sam-
ple air ﬂow taken from the chamber. The air temperature in-
side the enclosure and photosynthetically active photon ﬂux
density (PPFD) was measured before and during the closure,
and the values were recorded at 5s intervals, using thermo-
couples (copper-constantan) or PT100 for temperature and
a LI-COR LI-190 quantum sensor (LI-COR Environmental,
USA) as a PPFD sensor. During the closure the temperature
inside the enclosure tended to increase, especially during the
daytime when the increase in temperature during the closure
was typically 2–4◦ K. The PPFD sensor was located outside
the chamber and represented ambient conditions.
Measurements were conducted during the years 2009,
2010 and 2011. Shoot enclosures (volumes 3.5 and 4.5dm3;
Fig. 1a, b) were installed for unshaded top-canopy branches
during the previous mid-winter or earlier: one with a mature
shoot inside (hereafter “mature shoot”) and the other with
only a terminal bud inside the chamber (hereafter “devel-
oping shoot”). All buds of the mature shoot and all auxil-
iary buds of the developing shoot were gently removed about
1month before the installation to avoid contamination with
fresh resin ﬂowing from the scars (Hakola et al., 2006).
The subsample for VOC analysis (0.1dm3 min−1) was
taken from a sample line with a 1dm3 min−1 sample ﬂow.
During 2010 and 2011, heated (5Wm−1) ﬂuorinated ethy-
lene propylene (FEP) tubing (length 64m , internal diameter
4mm) lead the sample air towards the CO2 and H2O analyz-
ers, and the VOC subsample was taken from that line before
the other analyzers. During 2009 the sample for the VOC
analysis was taken with a separate 50m-long FEP (internal
diameter4mm)tubewithnootheranalyzersconnectedtothe
tube.ThesubsampleforVOCanalysiswithahigh-sensitivity
PTR-QMS (proton transfer reaction-quadrupole mass spec-
trometer; Ionicon Analytik GmbH, Innsbruck, Austria) was
drawnthroughapolytetraﬂuoroethylene(PTFE)tubewithan
internaldiameterof1.57mmandlengthofabout5m.Theto-
tal retention time of the sample tubing was about 40s in 2009
and 55s in 2010–2011. For details of the maintenance, cali-
bration and volume mixing ratio calculations of PTR-QMS,
see Taipale et al. (2008). The PTR-QMS measures the vol-
ume mixing ratio of all compounds having equal mass with a
resolution of 1amu (atomic mass unit) and was operated here
with a 12.5s measurement interval and an integration time
of 1samu−1. The measured protonated masses and the po-
tential contributing compounds were M33 (methanol), M59
(acetone),M69 (dehydratedmethylbutenol (MBO)fragment,
hereafter MBO) and M137 (monoterpenes) (de Gouw and
Warneke, 2007). The lower limit of detection was ca. 50–
100pptv (Taipale et al., 2008).
Calibration of the PTR-QMS was conducted 2–4 times per
month using a bottled standard gas containing ca. 1ppmv
methanol, acetone, isoprene and α-pinene (Apel-Riemer En-
vironmental Inc., USA, and Ionimed GmbH, Austria). In
the calibration, the standard gas was diluted close to the at-
mospheric concentrations (5–20ppbv) using a catalytic con-
verter (Parker ChromGas Zero Air Generator, model 3501,
USA). The VOC emission rates were measured and calcu-
lated by applying a mass balance equation to the concentra-
tion change during the chamber closure (Kolari et al., 2012).
The emission rate calculation was conducted per dry needle
mass, which was determined at the end of each measure-
ment period, typically in November. The speciﬁc leaf area
for year 2009 was 0.011m2 g−1, and for years 2010–2011
0.009m2 g−1.
The mass spectrometer technique used only distinguished
compounds based on their molecular mass, and thus one
mass can include several compounds or their fragments. The
protonated 69amu includes both a dehydrated fragment of
MBO and isoprene (de Gouw and Warneke 2007). Many
pine species (including Scots pine) are known to emit con-
siderable amounts of MBO, but only negligible amounts of
isoprene (Zeidler and Lichtenthaler 2001, Tarvainen et al.,
2005; Gray et al., 2006). Based on this result, and the pre-
vious GC-MS measurements from same trees conducted by
Tarvainen et al. (2005) and Hakola et al. (2006), we assume
that in this case the measured emission at 69amu is mainly
composed of the MBO fragment. However, as PTR-MS is
mass-speciﬁc, we cannot exclude the potential traces of iso-
prene and certain aldehydes and ketones in the M69 (Fall
et al., 2001; Warneke et al., 2003), if they are emitted from
Scots pine shoots.
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2.3 Shoot and needle elongation
In order to evaluate the inﬂuence of shoot and needle growth
on emission patterns, the growth of pine shoot and needles
were measured 1–3 times per week starting from the be-
ginning of the elongation period, i.e., from the latter part of
April, until September. Measurements were conducted with
the help of digital photographs taken at a distance of at least
2meters; the length of the shoot and 6–10 randomly cho-
sen needles were measured from the photographs using the
width of the enclosure as a scale. The theoretical accuracy
of the measurement method is 0.065mm, and practical re-
peatability is below 1mm. The length of the next terminal
bud (formed during July–August) was excluded from the
shoot length results. In order to analyze the effect of enclo-
sure environment on growth, the shoot and needle elongation
was measured both inside and outside of the enclosure for
four branches. The measured results were interpolated us-
ing a shoot and needle elongation model based on inherent
growth rhythms driven by temperature (Schiestl-Aalto et al.,
2013). Inside the enclosure, the most intensive needle elon-
gation days (needle elongation rate ≥ 0.5mm −1) took place
between 1 June and 25 July. The total needle elongation pe-
riod was 104 days in 2009 and 2010, and 102 days in 2011.
To obtain information about diurnal timing of shoot elon-
gation, the shoot elongation was also measured using a con-
tinuous measurement method. The shoot length change was
measured using a Solartron Mach1 free carrier magnetic core
with BIM interface unit (Solartron Metrology, Bognor Regis,
UK). The diurnal shoot elongation pattern was measured
only outside of the enclosure and we suppose that the diurnal
timing of shoot elongation inside enclosure closely resem-
bles that outside the enclosure because the patterns of driving
factors, mostly temperature, are almost identical.
2.4 Estimation of the contribution of developing needle
age class to the whole canopy emission
To estimate the stand-level contribution of the emissions
from developing foliage compared to the emissions from the
whole canopy, three simplifying assumptions were applied:
1. All remaining needle age classes have the same mass
per land area in the autumn. This assumption is based
on the fact that the canopy closure took place several
decades ago and therefore the stand needle mass is
rather constant (Vose et al., 1994); thus there is no ma-
jor difference in yearly new foliage production.
2. The oldest needle age class falls out at the same time
as the elongation of the developing needle age class so
that the stand needle mass is considered stable over the
growing season. According to Rautiainen et al. (2012)
the Scots pine stand needle mass in southern Finland
is relatively constant over the growing season and the
trees have on average three needle age classes.
3. All needle age classes at the same canopy height face
identical (light and temperature) environmental condi-
tions. The canopy structure and growth mode of Scots
pine produce an almost even spatial distribution of all
living needle age classes. The spatial distribution is to
some extent skewed so that the newest needle age class
is shading the older ones, but because the Scots pine
canopy is fairly sparse, the light and thermal condi-
tions of all needle age classes are almost identical.
Based on the above assumptions, the contribution of the de-
veloping needle age class to the whole canopy emissions
(CD, %) is
CD =
mDED
mMEM +mDED
, (1)
where mD is the mass of developing needles per unit area
(gm−2), ED is the VOC emission rate of the developing nee-
dles (ngg−1s−1), mM is the mass of mature needles and EM
is the emission rate of the mature needles, with units corre-
sponding to those of developing needles. CD is unitless. The
needle mass is assumed to be directly proportional to needle
length.
Conventionally, the emission inventories have been based
on the assumption that the developing and mature needle age
classes have identical emission rates per needle mass or area
(Guenther et al., 1993, Tarvainen et al., 2005). We next es-
timated the concealed proportion of emissions of this ap-
proach, if the high emissions from developing needles are not
taken into account. The estimation is based on the reference
values ERC and ERR, representing a conventional approach
and our results, respectively. The reference value ERR is
ERR = mMEM +mDED. (2)
Thereferencevaluefortheconventionalapproach(ERC)was
calculated as follows:
ERC = mTEM, (3)
where mT is the total mass of needles per area, with the unit
corresponding to mM and mD.
The reference values ERR and ERC were calculated only
to allow for comparison between them, not to give estimates
of stand scale emissions. We integrated the emissions of the
stand both with our new method and with the conventional
approach in order to estimate the proportion of concealed
emissions in the conventional approach; the estimate was ob-
tained by dividing the cumulative reference value ERR with
the cumulative reference value ERC.
2.5 Diurnal emission patterns
To test if the diurnal cycles in VOC emissions for mature and
developing Scots pine shoots are equal, we calculated the av-
erage diurnal cycles in VOC emissions for mature and devel-
oping Scots pine shoots. Data from all 3years were included
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Fig. 2. Monoterpene, MBO and methanol emission rates from developing and mature Scots pine shoots. (a, b) 22–27 April 2010, during
the dormancy break, before any growth commences. (c, d) 22–28 June 2010, during the most intensive needle elongation period. (e, f)
20–25 August 2010 when the shoot length growth has ended. NOTE: In panels (b) and (d), monoterpene emission rates of the current
year bud/shoot are given in the right y axis due to magnitude differences in emission rates. Next to panels (b), (d) and (f) photos from the
corresponding stage of shoot development.
and three periods differing in the growth stage of needles and
shoots were chosen for comparisons: (i) April (before the
growth onset), (ii) the most intensive needle elongation days
(needle elongation rate ≥0.5mmd−1), and (iii) September
(after the end of growth). The emission rates during each 3-
hour measurement cycle (eight per day) were averaged, and
only days with all 3-hour cycles with data coverage 50% or
higher were accepted.
The diurnal emission data was normalized using the daily
means to enable the comparison of the emission rates for
days having unequal environmental conditions. For each
compound, we separately tested if the diurnal pattern of
emissions between developing and mature shoots during
each speciﬁed period of growth stage was signiﬁcantly dif-
ferent using a t test (p ≤ 0.05). The chamber temperatures
were tested in the same way, in order to analyze the possible
differences in diurnal temperature dynamics in the chambers.
Depending on the compound, the number of days with sufﬁ-
cient data for April, maximum growth period and September
was 20–47, 35–67 and 15–39 in April, respectively.
www.biogeosciences.net/11/1331/2014/ Biogeosciences, 11, 1331–1344, 20141336 J. Aalto et al.: New foliage growth is a signiﬁcant source for volatiles
Table 1. The ratio between the VOC emission rate of the growing needles to the emission rate of mature needles (unitless), obtained by
dividing the daily average emission rate of growing needles with the daily average emission rate of mature needles. The medians represent
data from all three measurement years, and the periods cover April, the most intensive needle elongation days (needle elongation rate
≥0.5mmd−1, in June and July), and September.
Methanol Acetone MBO Monoterpenes
April Upper quartile 39 42 23 770
Median 25 29 18 520
Lower quartile 11 19 10 260
Intensive needle Upper quartile 4.2 3.3 6.5 30
elongation Median 2.4 1.8 3.5 3.5
Lower quartile 1.3 1.1 2.8 0.3
September Upper quartile 0.8 1.0 0.5 1.2
Median 0.5 0.8 0.4 0.5
Lower quartile 0.2 0.6 0.2 0.2
3 Results and discussion
3.1 The developing buds and needles as sources for
volatiles
Growing leaves have previously been observed to release
signiﬁcantly more methanol than mature tissues (e.g., Mc-
Donald and Fall 1993; Galbally and Kirstine, 2002; Hüve
et al., 2007) due to cell wall demethylation during cell
growth, and this was conﬁrmed in our study as well. In ad-
dition to methanol, the initial phases of new biomass de-
velopment dramatically inﬂuence the MBO and monoter-
pene emissions as well, which is in line with the results of
Hakola et al. (2006). The Scots pine buds became strong
sources of monoterpenes, MBO, methanol and acetone well
before any measurable growth (Fig. 2a, b; Table 1). This pat-
tern was consistent over the 3-year measurement period. The
monoterpene emissions per unit biomass were two orders of
magnitude higher for the developing shoot than for the ma-
ture, 1 to 2-year-old foliage in the spring, and remained at
a higher level until the growth ended in late summer. The
bud and developing shoot were also strong sources of MBO,
methanol and acetone (Fig. 2a–d).
The monoterpene emissions from conifer tissues can orig-
inate either from preformed storage or from de novo syn-
thesis. In mature Scots pine needles, Ghirardo et al. (2010)
estimated that ca. 40% of the emissions originated from the
storage pool, but in buds or developing needles such esti-
mates have not been reported. Furthermore, only very few
data exist on the monoterpene contents in buds. In one study
in North America, the monoterpene concentration in apical
buds of two pine species was 10–18mgg(DW)−1 (Hall et al.,
2013), comparable to the mature needles of the same species.
Although the Scots pine buds most likely also contain sig-
niﬁcant constitutive monoterpene storage, it is unlikely that
the observed, extremely high emission rates would originate
solely from preformed storages. If the emissions had been
released only from storage, then the buds and mature nee-
dles should have shown similar magnitude of emission rates
in identical conditions in spring. This was, however, not the
case. Furthermore, there are no permanent storage pools for
MBO or methanol in plant tissues. We therefore suggest that
the reason for the extremely high monoterpene, MBO and
methanol emission rates is the high metabolic activity in the
quiescent and growing tissues (buds and developing shoots),
resulting in de novo synthesis.
The availabilities of energy and carbon skeletons are the
most important factors in production of VOCs in cells.
Additionally, emissions of many volatile compounds are
strongly correlated with corresponding enzyme activities, in-
dicating transcriptional, post-transcriptional and enzymatic
controls (Fischbach et al., 2002, Laothawornkitkul et al.,
2009, Dudareva et al., 2013). The measured VOCs (ter-
penoids, methanol and acetone) originate from several differ-
ent biosynthetic pathways, and it is ambiguous if the physio-
logical controls of all these pathways are coordinated. How-
ever, it seems that they are all activated during the new
biomass growth period. Owen and Peñuelas (2005) sug-
gested that the volatile terpenoid emissions might be con-
trolled by the same factors that control the terpenoid path-
way, producing the higher molecular weight, “essential” ter-
penoids (Lichtenthaler 1999). These include e.g., carotenoid
pigments and gibberellins, the plant hormones regulating
many developmental processes, and in particular cell divi-
sion and shoot elongation. Thus, it is not surprising to also
see high production of volatile terpenoids at the time when
the growth hormone production is highest.
The cellular processes involved in the sustained, rather
high emission of acetone are still ambiguous, although it is
one of the most abundant compounds in e.g., Scots pine and
Norwayspruceemissions(JansonanddeServes,2001).Ace-
tone is not stored in plant tissues and its production has been
linked to wounding, deterring herbivores, rapid light–dark
Biogeosciences, 11, 1331–1344, 2014 www.biogeosciences.net/11/1331/2014/J. Aalto et al.: New foliage growth is a signiﬁcant source for volatiles 1337
Fig. 3. The growth of needles and the relative contribution of devel-
oping shoots to the emissions of the whole foliage. The points rep-
resent one week averages in 3consecutive years (2009–2011). (a)
length of growing needles; (b) elongation rate of growing needles.
The contribution of developing needle age class to canopy emis-
sions of (c) monoterpenes, (d) MBO, (e) methanol, and (f) acetone.
transitions or anoxic conditions in roots (Fall, 2003; Seco et
al., 2007).
Our results show that although the new shoots make up
only a small biomass in the beginning of the growth period
(Fig. 3a), their contribution to the emissions of the whole
foliage is large (Fig. 3c–f). To estimate the contributions of
growing vs. mature shoots to canopy emissions, we approx-
imated their relative contributions using a model for needle
and shoot. This is most clearly seen in monoterpene emis-
sions, where the buds are the dominating source (30–75%)
in the canopy before the bud break. The contribution of buds
is lower for other compounds, but nevertheless they are im-
portant sources of MBO, methanol and acetone in the spring
as well. During the most intensive needle elongation period
in June and July (Fig. 3b), the elongating needles are a strong
source of methanol, acetone, MBO and monoterpenes, and
contributeabouthalforone-thirdoftheemissionsfromScots
pine foliage (Fig.3c–f). Only when both the shoots and nee-
dles are fully grown in early August, is the contribution of
current year needles to the emissions for the whole foliage
approximately equal with mature shoots (Table 1).
The large monoterpene emissions from buds imply that
the growing foliage is a signiﬁcant source for aerosol pre-
cursors in spring, which has never been shown. Based on
our results, if the emissions in spring and early summer are
estimated based on old foliage alone, the annual cumula-
tive monoterpene emissions from the pine stand are only
50% of that when the growing foliar biomass is taken into
account. Further, when shorter periods are investigated the
difference between the two estimates becomes signiﬁcantly
higher, especially during the most intensive new shoot and
needle biomass growth. By the end of thermal growing sea-
son (in the middle of October) the cumulative “concealed”
proportion of emissions – that is, the emissions that are not
taken into account, compared to the assumption that all nee-
dles are emitting like that of mature needles – is on aver-
age 11% for methanol, 21% for acetone, 28% for MBO and
98% for monoterpenes (Table 2). Moreover, if only the ﬁrst
half of the growing season is taken into account – the period
from the end of April to the end of June – the correspond-
ing cumulative missing emissions are 29%, 45%, 50% and
200%, respectively.
In boreal evergreen conifers with a single ﬂush per year,
such as in Scots pine, the new foliage growth is character-
ized by a rather short and intensive shoot and needle elon-
gation period (Fig. 4). However, in many other ecosystems,
both evergreen and deciduous tree species can have several
ﬂushes (e.g., loblolly pine, longleaf pine, red oak), or are
freely ﬂushing (e.g., many birches, elms and poplars), and
thus these species and ecosystems may have several high-
emission periods in a growing season. More importantly,
many of these species (e.g., many oaks and pines) have ex-
tremely high isoprene or monoterpene emission potentials
(Hewitt et al., 1999). If the control of emissions in grow-
ing biomass is closely related to cell growth processes, then
the ecosystem-scale emissions in areas (e.g., mid-latitudes
or in tropical regions), with more or less constantly growing
foliage, may reﬂect the growth-induced isoprene emissions
rather than the normal light- and temperature-dependent
emissions.
While the characterization of vegetation types in the
widely used global emission models (Guenther et al., 1995;
Naik et al., 2004; Lathiere et al., 2006; Guenther et al., 2012)
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Table 2. The proportion (%) of the concealed emissions from canopy if the effect of growing Scots pine needle biomass on VOC emissions
is not taken into account. 0% indicates no effect of the growing biomass on emissions; 100% indicates an equal emission from growing
and mature needles; and >100% a greater effect of growing biomass than the mature foliage on total canopy emissions. Average + 10%
and average − 10% represent modiﬁed calculations where the proportion of growing needles has been increased or decreased by 10%,
respectively. The periods represent the ﬁrst half of and the whole thermal growing season (daily mean temperature permanently > 5◦C).
Methanol Acetone MBO Monoterpenes
April–midsummer Max
Average + 10%
31
31
60
46
176
52
368
211
Average
Average – 10%
29
25
45
43
50
46
200
182
Min 22 32 22 149
Thermal growing
season
Max
Average + 10%
16
12
60
23
43
30
158
103
Average
Average – 10%
11
8
21
19
28
24
98
87
Min 2 18 22 78
Fig. 4. The shoot and needle lengths and elongation rates during growing seasons 2009–2011. (a–d) inside, (e–h) outside the shoot enclosure.
The needle and shoot elongation outside the enclosure was not measured during the growing season 2009.
does not include any speciation between the shoot growth
patterns, these models are missing such large endogenous
variations in emission rates. Thus the model approaches us-
ing light and temperature as drivers for emissions may or
may not agree well with measurements, but the underlying
biological processes are not captured with the use of these
environmental drivers only. Most global monoterpene and
isoprene emission estimates are derived either by scaling up
the leaf-level responses to ecosystem types, or by simulating
vegetation with a dynamic vegetation model, and attributing
the variations in emissions only to changes in the amount of
emitting leaf biomass, neglecting to account for variations
in emission strength with leaf age (Guenther et al., 2006;
Monson et al., 2012; Oderbolz et al., 2013). Furthermore, in
the most advanced leaf-algorithm the change in emission rate
with leaf age has only been taken into account as fractional
adjustmentsembeddedinthe“Leafageemissionactivityfac-
tor” (Guenther et al., 2012), without a deﬁned physiological
basis for the change in the activity factor over seasons.
Measuring reactive gases in ﬁeld conditions is challeng-
ing. The accuracy of a dynamic enclosure system was deter-
mined by Kolari et al. (2012) to be in the range of 5–30%,
and thus the values obtained with such a system may be
slightly lower than the actual emission rates. The accuracy
should, however, not be different between bud and mature
shoot enclosures having similar measurement setups. The
enclosure systems evidently cause higher temperatures, af-
fecting growth inside the enclosures, and thus direct com-
parisons with shoots growing in the open air may be biased.
In order to analyze the effect of enclosure environment on
growth, we measured the shoot and needle elongation both
inside and outside of the enclosure. Inside the enclosure, the
onset of shoot elongation took place during the last 2weeks
of April in all years (Fig. 4a, b) and the shoot elongation
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Fig. 5. The diurnal pattern in VOC emission rates from a mature
and a developing Scots pine shoot on 8 July 2011. (a) Tempera-
ture inside enclosure and photosynthetic photon ﬂux density. (b–e)
Emission rates of different compounds. Crosses represent individ-
ual measurements, and dashed lines are 3-hour averages.
Fig. 6. The measured average shoot length increment diurnal pat-
tern of a Scots pine shoot outside the enclosure under unshaded
conditions during 12days, with moderate elongation rate in sum-
mers 2010 and 2011. The shoot length at the beginning of day is
set to 0. The shaded area represents ±1 standard deviation in shoot
elongation.
ended in the middle of June. The onset of needle elongation
inside the enclosure (Fig. 4c, d) took place from a couple
of days to 2weeks later than that of shoot elongation, and
continued until mid-August. Outside the enclosure (Fig. 4e–
h) the growth onset occurred practically at the same time, but
boththeshootandneedlesreachedtheirfulllength2–14days
later than inside. Also, although the shoot and needle growth
rates closely resembled each other, their actual growth rates
weredifferent.Theelongationratesinsidetheenclosurewere
about twofold compared with the elongation rates outside the
chamber, most likely due to the more favorable conditions in-
side the enclosure. However, since the above-reported emis-
sion rates are calculated based on actual leaf mass or area
of the enclosed shoot, the incident growth rates do not affect
our main results. The enclosure temperature may naturally
affect the VOC emission rates from tissues due to the effect
on volatilization. This effect should be of similar magnitude
for both mature and growing shoots, and thus its inﬂuence on
the relative emission rates is insigniﬁcant.
4 Diurnal emission patterns
Diurnal variations of BVOC emissions have mostly been
connected to short-term variations in prevailing environmen-
tal conditions, most importantly to the diel changes in light
and temperature. Our results from mature shoots support
these previous results: emissions follow temperature and/or
photosynthetically active radiation, and reach their maxi-
mum typically during the early hours of afternoon and their
minimum during the nighttime (Fig. 5). Stomata control for
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Fig. 7. The average diurnal cycle in VOC emissions from mature and developing Scots pine shoots in April before the onset of shoot
growth (a–d), during the most intensive needle elongation days (needle elongation ≥0.5mmd−1, (f–i)) and in September when growth has
ended (k–n). The y axis values are the 3-hour average emission rates normalized to the average of each day. The grey dashed lines show
the normalized daily averages (= 1). The error bars equal ±1 SD. The stars show statistically signiﬁcant differences (t test, p ≤ 0.05) in
the normalized emissions between the developing and the mature shoot. The data is for the years 2009–2011 (n = 11−67days, mostly
>30 days). The three ﬁgures on the bottom (e, j and o) show the normalized average diurnal cycles in chamber temperatures during the
corresponding days, calculated from the temperatures in Kelvin scale.
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emissions of the water-soluble methanol for foliage, so that
emissions typically show a pronounced burst when stomata
open in the morning (e.g., Niinemets and Reichstein, 2003;
Huve et al., 2007). The less water-soluble isoprenoids are not
as much controlled by stomatal actions, and their emission
rates follow light and temperature, inﬂuencing production
and volatilization, respectively. Like seasonal emission pat-
terns, the diurnal patterns have previously only been studied
in fully expanded leaves, and thus it is unknown how growth
processes may inﬂuence the emission dynamics during the
course of a day.
Our measurements showed that during the most intensive
elongation period, the Scots pine shoots grew during most
of the day, but a pause or even mild shrinking was observed
during the early morning hours (Fig. 6), potentially due to
hydraulic limitations developing during the leaf development
(Pantin et al., 2011). This also had a clear effect on the diur-
nal pattern of emissions during the needle elongation period
(Figs. 5, 7). Before and after the growth period (Fig. 7a–d
and k–n) the average diurnal emission patterns and the day-
time maxima were fairly similar in both mature and develop-
ing shoots, and the maximum emissions typically coincided
with the daytime maximum temperatures. However, during
the most intensive growth (Fig. 7f–i) the methanol, MBO and
monoterpene emissions from growing shoots increased ear-
lier in the morning, and reached the maximum emission rates
earlier than emissions from the mature shoots. The difference
in acetone emissions between growing and mature shoots
was not as clear. Most importantly, the diurnal emission pat-
tern of developing shoots did not match with the variations
in temperature (Fig. 7j), contrary to that in mature shoots.
After the maturation of needles in August, the diurnal emis-
sion patterns between young and mature shoots did not differ
from each other anymore (Fig. 7k–n), These results imply
that there are other, more important drivers of emissions in
growing shoots than temperature.
The diurnal pattern of terpenoid or other VOC biosynthe-
sis has not been studied in detail, although reports on emis-
sion variations over the day abound. The observed differ-
ences in diurnal patterns of emissions from growing and ma-
ture needles suggests that during the period ofhigh metabolic
activity, the biosynthesis of methanol, MBO and monoter-
penes is indeed linked to the up-regulation of the respective
pathways, and a potential circadian regulation of biosynthe-
sis has been suggested (Laothawornkitkul et al., 2009).
Ourresultsonthediurnalemissionpatternsareinlinewith
Hewitt et al. (2011), who used micrometeorological methods
in a tropical oil palm plantation and rain forest, and found
that isoprene emission potential had a very clear diurnal cy-
cle, with low nighttime and high daytime values with a max-
imum well before midday, contrary to the ambient temper-
ature which reached the maximum somewhat later in the
day. Isoprene is not stored in plant tissues, and therefore the
biosynthesis also was most active in the morning hours. Our
ﬁndings shed light on the results of Hewitt et al. (2011), pro-
viding a possible explanation for the high emission potential
before noon.
5 Conclusions
In this study, we showed that the growing Scots pine shoots
emit considerable amounts of volatile organic compounds.
The needle elongation rate as well as timing of elonga-
tion correlated with the large VOC emissions, suggesting
that growth processes and high emissions potentially have
a causal relationship. This relationship, and the divergence
between the diurnal cycles in emissions from mature and
growing needles, indicate that existing model approaches us-
ing only light and temperature as direct drivers for emis-
sions should be modiﬁed to capture the effect of growing
foliar biomass on emissions. As the climate-change-induced
lengthening of growing seasons will most likely advance the
timing of bud burst, the uncertainties in seasonal emission
estimates related to plant growth may become even more im-
portant in the coming decades.
Based on our results, a reﬁned, mechanistic description for
emission processes during the new foliage biomass growth,
as well as a more detailed description of the characteristic
growthpatternsforthedifferentplantfunctionaltypesshould
be implemented into emission models. In ecosystems where
the timing of new foliar biomass differs from that found in
boreal evergreen forests – where new needles grow within a
time frame of about 100days – the effect of foliar biomass
growth on VOC emissions is not necessarily conﬁned to
spring and early summer only. This calls upon a new gener-
ation of emission models, based on functions describing the
drivers for key metabolic processes, and testing them under
ﬁeld conditions with data sets of sufﬁciently high temporal
resolution.
Our results bring new insights to the consequences of
seasonality of biosphere activity and on the temporal varia-
tions in sources of aerosol precursor in forested ecosystems.
We showed that during the three–four spring and summer
months, the monoterpene, methanol and MBO emissions are
dominated by the new foliage growth. This may have consid-
erable impact on the frequent springtime new particle forma-
tion events in boreal and temperate forests (Dal Maso et al.,
2005; Manninen et al., 2010).
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